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Abstract 
State of the art technologies like air-to-water heat pumps have become popular because of their high efficiencies and 
their supply by electricity rather than by gas or oil. As a direct result of this supply substitution and due to high load-
shifting potential, electricity demand of heat pumps have to be taken into account into energy management strategies 
of the overall building. In this paper a new controller is discussed, which has predictive and adaptive properties and 
is able to optimize the running-times of non-modulating heat pumps. 
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1. Introduction
Heating, Ventilation and Air Conditioning (HVAC) systems are one of the largest energy consumers in residential
buildings. State of the art technologies like air-to-water heat pumps have become popular because of their high 
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efficiencies and because they are powered by electricity rather than by gas or oil.  
As a direct result of this supply substitution and due to high load-shifting potential, electricity demand of heat pumps 
have to be taken into account into energy management strategies of the overall building. State of the art control 
strategies of heat pumps are based on heat curves or hysteresis comfort controllers and act like isolated systems in 
island operation. Therefore, disadvantages of this implementation are low interaction with the overall energy system 
and low usage of onsite-energy production, e.g. photovoltaics, of the residential building. Moreover present forecast 
data of temperature or external electricity prices is not used. Several publications using model predictive control 
(MPC) take detailed models of the building structure into account and precalculate the heat demand of the building 
and running times of the heat pump based on temperature forecasts and/or external prices [5][6]. 
Summing up, predictive control strategies of heat pumps are not state of the art in industrial applications but are in the 
focus of science including diverse characteristics and inputs. 
In this paper, two new and very easy applicable controllers are introduced, which have predictive and adaptive 
properties and are able to optimize the running-times of non-modulating heat pumps.
As part of the e-MOBILie – energy autonomous electro mobility – project electro mobility will be combined with 
local renewable generation of energy by means of photovoltaics and heat pumps in an integrated approach. Integrated 
energy management also includes forecasting technologies for weather and load profiles and allows for scalability
from individual consumers to fleet applications. The project is one of about 50 projects within the “Schaufenster 
Elektromobilität Bayern-Sachsen” and is funded with about 4.5 million € by the federal ministry for the environment, 
nature conservation building and nuclear safety as part of the „Schaufensterinitiative“ of the German government. 
Nomenclature
ሶܳ ு௘௔௧ሺݐሻ thermal demand of corresponding building [kW] 
்ܲ௛ሺݐሻ thermal power of heat pump [kW] 
x(t) state of heat pump – 1…on, 0…off [0/1]
SOC(t) state of charge of thermal storage [%] 
COP(t) coefficient of performance of heat pump 
C storage capacity of thermal storage [kWh] 
KP knapsack problem 
PKC predictive knapsack controller 
PHC predictive heat pump controller 
SP point of intersection 
HP heat pump 
NPC Non-Predictive-Controller 
2090   Christian Kandler et al. /  Energy Procedia  78 ( 2015 )  2088 – 2093 
2. Methodology
The overall heat system consists of a non-modulating heat pump (installed electrical power of 2 kW) and a thermal
storage (800 l water tank) for supplying thermal demand of a residential building (120 m²).  Hot water consumption 
is neglected due to its highly randomized and hardly predictable nature. 
The control structure of the heat pump system is separated into two different controllers: on the one hand, a 
predictive controller (either PKC or PHC) offers the opportunity to optimize the energy efficiency of the heat pump 
system itself and/or minimize the total operation costs. On the other hand, an additional comfort-controller at higher-
level is used for safety reasons to avoid any kind of violation of comfort conditions (in-room temperature range 
between 20° and 22° Celsius). Both controllers can be used for two-step ON/OFF operation of the belonging non-
modulating heat pump due to their non-continuously adjustable control operation. In Summary, previously each 
optimization controller gives recommendation in the form of a scheduled time table, while during operation the 
comfort-controller guarantees safe operation.
Fig. 1. Overall Cost Function and Input Parameters 
For both PKC and PHC, a large number of input parameters is required: Demand forecast data is provided either 
by measured demand values of the past days and/or by using adapted reference curves of norm VDI 4655 [4]. 
Including the actual status of the thermal storage or temperature respectively irradiation forecasts at high resolution 
(hourly to 15-minutes scale) from external weather services, thermal gains of the heat pump system and electrical 
residual loads can be predicted. 
As shown in Figure 1, to establish an appropriate cost function for both algorithms, information about the price, 
grid stability and carbon intensity of external electricity grid and the calculated residual loads have to be allocated. 
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Fig. 2. Exemplary evaluation of total cost function during day 24 (January 24th) [3] 
Because of their different scales, all of these parameters have to be normalized and weighted (see exemplary cost 
function structure of day 24 in Figure 2) [3]. 
2.1. Predictive-Knapsack-Controller (PKC) 
Fig. 3. Methodology of PKC [1][2] 
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Illustrated in Figure 3, the Predictive-Knapsack-Controller enables heat pump scheduling through transfer to an 
optimization by solving a knapsack problem (KP) [1]. Following daily optimization, a day is divided into 96 x 15-
minutes-slots and for each slot, production (mass) and costs (value) are calculated based on both cost function and 
COP(t) of the heat pump. After that, the efficiency (mass to value ratio) of each slot is calculated and all slots are 
sorted by efficiency in descending order. The required number of total slots is determined subsequently so that the 
total production (weight) is greater or equal the heating demand. The next step is to proof the functionality in high 
temporal resolution. Therefore possible comfort target violations (SOC(t) < 0) are detected and solved by an additional 
Greedy algorithm started with new time specifications. At the end, information of all required running slots are 
transferred to the heat pump controller. As described above, the overall control system is completed with a comfort-
controller at higher level to avoid any kind of comfort condition violation due to forecast errors. 
2.2. Predictive Heat pump Controller (PHC) 
 
 
Fig. 4. Methodology and iterative process of PHC [3] 
The second type of predictive control strategies is based on the idea of an iterative process (see Figure 4). First of 
all, the progression of the storage content SOC(t) is predicted by using thermal demand profiles (see (1)) and the point 
of intersection (SP) between SOC(t) and SOC(t) = SOC_min (here SOC_min = 0) is calculated.  
ܱܵܥሺݐሻ ൌ ܱܵܥሺݐ െ ͳሻ െொሶಹ೐ೌ೟ሺ௧ିଵሻή்஼ ൅ ݔሺݐ െ ͳሻ ή
௉೅೓ሺ௧ିଵሻή்
஼       (1) 
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After that, an evaluation of all 15-minutes slots before SP takes place to identify the interval with the best cost-
benefit-ratio. The corresponding interval is selected as runtime of the heat pump and is taken into account for the next 
iteration. This iterative process continues as long as there are intersection points during the given reviewed period. In
this approach again, a comfort-controller at higher level takes care of compliance with comfort regulations. 
3. Results and Conclusion
As illustrated in Table 1, simulation results of PKC and PHC show a feasible improvement of energy efficiency
by an up to 40% decreased total runtime compared to the non-predictive controller (state of the art methodology using 
heating curve combined with static hysteresis controller, NPC). Furthermore, the frequency of operation (switch-on 
times) and the losses in the storage are reduced using the better knowledge about the actual and predicted system 
conditions. Comparing of PKC and PHC leads to nearly identical values of frequency of operation and total costs 
while PHC has a slightly better performance relating to the total runtime of the heat pump due to less overproduction. 
The average coefficient of performance in all three controllers rather stays at the same level.  
Showing a strong dependence on the electrical system and building location (simulation: electricity generation by 
photovoltaics ~ 7.000 kWh/a, household electricity demand ~ 4.000 kWh/a), by using of PKC or PHC total costs can 
be nearly halved (~ 45,5 % of NPC). This is mainly due to temporal shifting of heat pump runtimes to ensure both a 
better usage of the photovoltaics overproduction and cheaper electricity prices during the day. 
Table 1. Comparison of PKC, PHC and NPC 
ܥܱܲതതതതതത
[-]
Total runtime of HP
[h]
Frequency of operation
[#HP_switch_on]
NPC 3.0405 1561 489
PKC 3.0642 1025 464
PHC 3.0478 937 464
In conclusion, both PKC and PHC offer a great opportunity to integrate forecasting into heat system control to 
improve total system performance and reduce overall costs. 
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